The mammalian striatum controls the output of the basal ganglia via two distinct efferent pathways, the direct (i.e., striatonigral) and the indirect (i.e., striatopallidal) pathways. The LIM homeodomain transcription factor Islet1 (Isl1) is expressed in a subpopulation of striatal progenitors; however, its specific role in striatal development remains unknown. Our genetic fate-mapping results show that Isl1-expressing progenitors give rise to striatal neurons belonging to the striatonigral pathway. Conditional inactivation of Isl1 in the telencephalon resulted in a smaller striatum with fewer striatonigral neurons and reduced projections to the substantia nigra. Additionally, conditional inactivation in the ventral forebrain (including both the telencephalon and diencephalon) revealed a unique role for Isl1 in diencephalic cells bordering the internal capsule for the normal development of the striatonigral pathway involving PlexinD1-Semaphorin 3e (Sema3e) signaling. Finally, Isl1 conditional mutants displayed a hyperlocomotion phenotype, and their locomotor response to psychostimulants was significantly blunted, indicating that the alterations in basal ganglia circuitry contribute to these mutant behaviors.
The mammalian striatum controls the output of the basal ganglia via two distinct efferent pathways, the direct (i.e., striatonigral) and the indirect (i.e., striatopallidal) pathways. The LIM homeodomain transcription factor Islet1 (Isl1) is expressed in a subpopulation of striatal progenitors; however, its specific role in striatal development remains unknown. Our genetic fate-mapping results show that Isl1-expressing progenitors give rise to striatal neurons belonging to the striatonigral pathway. Conditional inactivation of Isl1 in the telencephalon resulted in a smaller striatum with fewer striatonigral neurons and reduced projections to the substantia nigra. Additionally, conditional inactivation in the ventral forebrain (including both the telencephalon and diencephalon) revealed a unique role for Isl1 in diencephalic cells bordering the internal capsule for the normal development of the striatonigral pathway involving PlexinD1-Semaphorin 3e (Sema3e) signaling. Finally, Isl1 conditional mutants displayed a hyperlocomotion phenotype, and their locomotor response to psychostimulants was significantly blunted, indicating that the alterations in basal ganglia circuitry contribute to these mutant behaviors.
caudate-putamen | direct pathway | indirect pathway T he basal ganglia control many aspects of human behavior, including purposeful movements and appropriate behaviors, that are affected in childhood neurological disorders such as Tourette's syndrome and attention deficit hyperactivity disorder (ADHD) (1, 2) . The striatum, also known as the caudate-putamen, represents the major component of the basal ganglia and is central in the processing of cortical information (reviewed in ref. 3) . Moreover, the striatum controls the output of the basal ganglia through two distinct efferent pathways: the direct (i.e., striatonigral) pathway and the indirect (i.e., striatopallidal) pathway. Both of these projection neuron subtypes use the inhibitory neurotransmitter gamma aminobutyric acid (GABA) (4) . In addition to their different axonal targets, these two projection neuron subtypes express distinct neurochemical characteristics. The striatonigral projection neurons contain the neuropeptide substance P and express the dopamine D1 receptor at high levels (5, 6) . Conversely, the striatopallidal projection neurons contain the neuropeptide enkephalin and high levels of the dopamine D2 receptor (5, 6) . These two efferent pathways functionally oppose each other and thereby provide a balanced output from the basal ganglia (7) . This balance is believed to be crucial for normal motor control (8) .
Striatal-projection neurons are known to derive from the lateral ganglionic eminence (LGE) (9) (10) (11) (12) whereas their interneuron counterparts are derived from an adjacent domain, the medial ganglionic eminence (MGE) (11, 13, 14) . Within the LGE, two developmental compartments have been identified: the ventral (v) LGE and the dorsal (d)LGE (15, 16) . The vLGE is proposed to be the source of striatal-projection neurons (16) whereas the dLGE is thought to contribute interneuron subtypes to the olfactory bulb and amygdala (16) (17) (18) . Little is known, however, about the molecular mechanisms that underlie formation of the direct (striatonigral) versus the indirect (striatopallidal) pathway from vLGE progenitors.
The only information available relates to the role of the transcription factor early B-cell factor 1 (Ebf1) in the formation of the striatonigral pathway. By performing a differential subtraction between genes expressed in striatopallidal or striatonigral neurons, Lobo et al. (19) identified a novel zinc finger protein, Zfp521, that was enriched in the striatonigral neurons. This factor is known to interact with Ebf1 and in fact, Ebf1 mutants show reduced striatonigral pathway formation, particularly those neurons normally located in the matrix compartment (19, 20) .
The LIM homeodomain transcription factor Islet 1 (Isl1) is known to be expressed in at least a subset of striatal progenitors during embryogenesis (16, 21, 22) . Although most of these progenitors are thought to give rise to striatal-projection neurons, a portion of them also develop into cholinergic interneurons (22, 23) . Despite their expression of Isl1, the cholinergic striatal interneurons are known to derive from the MGE (11, 13, (24) (25) (26) (27) . In this study, we have addressed the progeny of Isl1-expressing striatal progenitors as well as the role of this factor in the development and function of striatal output pathways.
Results
Forebrain Fate Map of Isl1-Expressing Cells. To determine the fate of Isl1-expressing LGE cells, we performed a genetic fate map to label the striatal neurons that derive from Isl1-expressing cells. Unlike the broad striatal-projection neuron marker forkhead box
Significance
The basal ganglia process cortical information that controls purposeful movements and appropriate behavior via the striatopallidal and striatonigral pathways. Despite their importance, little is known about the developmental mechanisms that control the formation of these pathways. We show here that telencephalic progenitors expressing the transcription factor Islet1 give rise to striatonigral neurons and that this factor is required for normal development of the striatonigral pathway. Moreover, Islet1 mouse mutants exhibit hyperactivity and a paradoxical response to psychostimulants. Given that the underlying causes of basal ganglia disorders such as attention deficit hyperactivity disorder (ADHD) are unknown, these findings may implicate possible alterations in neural circuitry.
protein p1 (Foxp1) (28) (Fig. S1A) , Isl1 is expressed in only a subpopulation of newly generated striatal neurons at embryonic stages, with a strong medial-to-lateral gradient (Fig. S1D) . Indeed, in fate mapping with the Dlx5/6-cre-IRES-EGFP(CIE) mice (16) and CC-EGFP reporter mice (29) , less than half of all recombined (i.e., EGFP-expressing) striatal cells at embryonic day (E) 18.5 were Isl1 containing ( Fig. S1 E and F) whereas the vast majority expressed Foxp1 (Fig. S1 B and C) . Again, in contrast to Foxp1, the expression of Isl1 within the striatum is dramatically down-regulated shortly after birth, with only the cholinergic interneurons retaining detectable expression into adulthood (22) .
After crossing Isl1-cre mice (30) with CC-EGFP reporter mice, we found large numbers of recombined cells in the adult striatum (Fig. 1A) . Upon closer examination, the vast majority of these EGFP-expressing neurons exhibited medium-sized spiny neuronal morphologies (Fig. 1B) , characteristic of the GABAergic striatal-projection neurons (4) . A small population of the recombined cells exhibited large cell bodies and aspiny dendrites, typical of the striatal cholinergic interneurons (31) . Using μ opiate receptor (μOR) staining to mark the striatal patch compartment (32), we found that the Isl1 fate-mapped cells were distributed in both the patch and matrix compartments (Fig. 1C) . As previously reported (33, 34) , however, the dendrites of neurons in the matrix compartment do not infiltrate the patch and vice versa.
Not only were the dendrites and spines of recombined neurons filled with EGFP but also the axons and terminals ( Fig. 2A) . EGFP expression in the axons and terminals allowed us to examine the target nuclei of the recombined neurons. Interestingly, the terminal staining was strongest in the entopeduncular nucleus (EP) and the substantia nigra pars reticulata (SNr) ( Fig.  2A) , which constitute the targets of the direct output pathway. To confirm that Isl1-derived striatal neurons terminated in the EP and SNr, we double stained for EGFP and synapsin. In the globus pallidus (GP), no double labeling with synapsin was observed ( Fig. 2 B and C) . In fact, the EFGP-positive axons were mostly confined to the synapsin-negative myelin bundles. In contrast, the SNr (Fig. 2 D and E) showed extensive colocalization of EGFP and synapsin. To exclude the possibility that the CC-EGFP reporter mice show a bias toward labeling the direct pathway, we examined Dlx5/6-CIE; CC-EGFP mice and found that both the GP and SNr are innervated by EGFP-positive terminals, which colocalize synapsin (Fig. S2) . To further confirm that the recombined striatal neurons belong to the direct pathway, we stained for the neuropeptide enkephalin (Enk), which marks the indirect (striatopallidal) pathway, and, for the direct (striatonigral) pathway, we used the marker substance P (SP). Enk staining did not show colocalization with the EGFP in the GP (Fig. 2 F and G) . However, SP showed extensive coexpression with EGFP in the SNr (Fig. 2 H and I) . Therefore, it appears that Isl1-derived striatal neurons consist of cholinergic interneurons as well as projection neurons belonging specifically to the direct (i.e., striatonigral) output pathway located in both the patch and matrix compartments.
Telencephalon-Specific Inactivation of Isl1. To determine whether Isl1 is required for the normal development of the direct striatal output pathways, we generated conditional Isl1 mutants using cre-loxP technology. Germ-line Isl1 mutants are lethal around E10 (35) . Using an Isl1 fl/fl mouse line with loxP sites flanking the third exon containing the second LIM domain (36), we generated telencephalon-specific inactivation by crossing with Foxg1 tTA (37) and tetO-cre mice (38) . Using this approach, Isl1 was lost in the telencephalon of Foxg1 tTA ;tetO-cre;Isl1 fl/fl (i.e., conditional) mutants by E14 (Fig. S3 A and B) . Isl1 remains expressed in the cholinergic neurons of the telencephalon as well as in the reticular thalamic nucleus (rTh) of control adult brains (22) (Fig.  S3C ). In the conditional mutant mice, Isl1 staining remained in A lack of coexpression of EGFP with synapsin (B and C) and enkephalin (F and G) in the GP indicates that fate-mapped neurons do not synapse with the GP. Fate-mapped synaptic terminals are found in the SNr as indicated by double labeling of EGFP with synapsin (D and E) and with substance P (H and I) in the SNr. EP, entopeduncular nucleus; GP, globus pallidus; opt, optic tract; OT, olfactory tubercle; rTh, reticular thalamic nucleus; SC, superior colliculus; SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus; Th, thalamus; ZI, zona incerta.
the rTh but was not detected in any cells of the telencephalon (Fig. S3D) . Dopamine-and cAMP-regulated neuronal phosphoprotein 32 (DARPP-32) is a phosphoprotein that marks essentially all striatal-projection neurons but is excluded from the interneuron populations (39) . To assess the development of striatal-projection neurons, we stained the telencephalon-specific Isl1 mutant brains for DARPP-32 at postnatal day (P) 21. In these conditional mutants, DARPP-32 staining revealed a 43% reduction in striatal size, compared with control ( Fig. 3 A and B ; n = 3, P < 0.001). In addition to somal and dendritic staining in the striatum, DARPP-32 marks the axons and terminals of striatal-projection neurons of both the direct and indirect pathways. We noticed that, despite apparently normal innervation of the GP in the conditional mutants, the DARPP-32 staining along the striatonigral tract and in the SNr was considerably reduced compared with control brains (Fig. 3 A  and B) . In fact, DARPP-32 terminal staining in the SNr of Isl1 conditional mutants occupied only 45% of the area of that observed in controls (n = 3; P < 0.001). No significant difference was observed in the GP. To further confirm the alterations to the direct striatonigral pathway, we examined the expression of SP ( . Thus, Isl1 not only marks the striatal progenitors that form the striatonigral pathway but it is also required for the correct development of a significant portion of these projection neurons.
To assess the effect of telencephalon-specific inactivation of Isl1 on striatal interneurons, we stained the conditional mutant brains at P21 for choline acetyl transferase (ChAT), to detect cholinergic interneurons, and, to reveal the two main GABAergic interneuronal subtypes, we probed for neuropeptide Y (NPY) and parvalbumin (PV). As previously shown by Elshatory and Gan (23) , loss of Isl1 resulted in a nearly complete loss of striatal cholinergic interneurons (Fig. S4 A and B) . In contrast, the GABAergic interneuron populations marked by NPY and PV were not obviously affected by the loss of Isl1 (Fig. S4 C and F) .
Striatal development has been shown to depend on transcription factors that control patterning and differentiation, such as Gsx2, Ascl1, and Dlx genes (40) (41) (42) (43) (44) (45) . To determine whether loss of Isl1 affects the expression of these genes, we examined the expression of Gsx2, Ascl1, and Dlx in E14.5 Isl1 mutants. As shown in Fig. S5 , the loss of Isl1 does not appear to alter expression of these transcription factors, which is in line with the fact that they are likely upstream of Isl1 expression (40, 42) .
The zinc finger transcription factors Ikaros and Helios have also been implicated in striatal neuron development downstream of Gsx2 and Dlx genes (46, 47) . Moreover, Ikaros has been associated with the differentiation of a subpopulation of Enkexpressing striatopallidial neurons (46, 48) . Surprisingly, Isl1 conditional mutants exhibited a nearly complete loss of Ikaros expression within the developing striatal complex (Fig. 5B ), compared with control ( Fig. 5A ). To determine whether Isl1 and Ikaros are coexpressed in the LGE subventricular zone (SVZ) and developing striatum, we double stained for these two factors and found extensive colocalization at E14.5 ( Fig. S6 A and B) . Although there are many more LGE cells expressing Isl1 than Ikaros, a considerable number of the Ikaros cells coexpress Isl1. By E18.5, however, the number of colabeled cells is reduced and there is an increase in Ikaros-only cells (Fig. S6C ). Given our fate-mapping results for Isl1-expressing cells, it seems that Ikaros is expressed in, at least, a portion of striatonigral progenitors and that its expression in the developing striatal complex depends on Isl1. Unlike Ikaros, Helios remains expressed in many striatal neuron progenitors of the Isl1 mutant (Fig. S7 ), despite the reduced size of the LGE and striatal complex (see .
The Ebf1 transcription factor has been shown to be required for the correct differentiation of striatonigral neurons (19, 20) . An earlier study showed that Ebf1 is required for correct development of the striatal matrix compartment (49) , and accordingly the observed requirement for striatonigral neuron differentiation is most pronounced within the matrix (20) . We examined the expression of Ebf1 in the Isl1 conditional mutants at E18.5. The reduced size of the conditional mutant striatum is already evident at this stage ( Fig. 5 C and D) . Despite this reduction, the level of Ebf1 expression in the mutant striatum appears similar to that in controls. Our fate-map data showed Isl1-derived neurons in the patch compartment as well as the matrix (Fig. 1C) , which prompted us to examine the development of the patch compartment in the telencephalon-specific Isl1 mutants. At E18.5, DARPP-32 marks the patch compartment in the forming striatum (50) . Using Foxp1 to mark the majority of striatal neurons together with DARPP-32 (to reveal the nascent patch compartment), we found that loss of Isl1 leads to a dramatic loss of DARPP-32-positive neurons at E18.5 ( Fig.  5F ). This loss does not simply reflect a developmental delay because μOR staining reveals a severe loss of patch identity in P21 brains ( Fig. 5H ) compared with controls ( Fig. 5G ). The reduced size of the Isl1 conditional mutant striatum cannot be accounted for simply by the loss of the patch compartment. Indeed, the matrix marker calbindin (CB) also shows a notable reduction in staining in the Isl1 conditional mutant striatum (Fig. 5J ) compared with controls (Fig. 5I) . Therefore, loss of Isl1 leads to striatonigral defects in both the patch and matrix compartments.
The reduced size of the striatum in Isl1 conditional mutants is already evident at E18.5, supporting the notion that Isl1 is required during embryonic stages for the correct number of striatal-projection neurons to develop. To examine whether reduced proliferation may contribute to this phenotype, we examined phosphoHistone 3 (pH3) expressing (i.e., M-phase) cells in the LGE of E14.5 controls and Isl1 mutants. Few, if any, pH3 cells colocalized with Isl1 in the LGE (Fig. S8 A and B) . We calculated the average number of pH3 cells per LGE section both at the apical surface [i.e., ventricular zone (VZ)] and in basal regions (i.e., SVZ) and found no difference between controls (n = 3) and mutants (n = 3) ( Fig. S8 ; Apical pH3 cells, control, 24.9 ± 1.9; Isl1 mutant, 25.2 ± 1.8; Basal pH3 cells, control, 36.3 ± 0.9; Isl1 mutant, 36.0 ± 1.4). Conversely, we observed a 42% increase in cell death as marked by activated caspase-3 staining within the mutant LGE and forming striatum (207.5 ± 25.3 cells) already at E14.5, compared with controls (146.3 ± 15.8 cells; n = 3, P < 0.05). Thus, Isl1 is required, at least in part, for the survival of newborn striatonigral progenitors/neurons in both the patch and matrix compartments.
Ventral Forebrain-Specific Inactivation of Isl1. In the adult brain, Isl1 is expressed in neurons of the rTh and zona incerta (ZI) (51) (Fig. 6A) . Interestingly, these neurons border the internal capsule, which carries the striatonigral and corticofugal fibers. It is possible, therefore, that Isl1 may play a noncell autonomous role in the formation of the striatonigral pathway by regulating the development of these nonstriatal neurons or substances they may express/release. Although we do not have a cre mouse line that restricts recombination to the diencephalon, we can use the Dlx5/ 6-CIE mice (16) to inactivate Isl1 throughout the ventral forebrain including the striatum, rTh, and ZI, which is in contrast to the Isl1 conditional mutants generated with the Foxg1 tTA ;tetO-cre mice (see Telencephalon-Specific Inactivation of Isl1).
Ventral forebrain inactivation of Isl1 in Dlx5/6-CIE; Isl1 fl/fl mice led to a near complete loss of Isl1 protein in the telencephalon and diencephalon already at E14 (Fig. S3 E and F) . In show a nearly complete loss of Ikaros expression in the striatum whereas cortical plate expression appears unaffected. Inset in B is a 25× magnification of the dashed box in the mutant striatum. The domain of Ebf1 expression, which has been reported to be involved in the development of striatonigral projection neurons mainly in the matrix compartment, is reduced in conditional mutant mice with a telencephalic (D) deletion of Isl1 compared with control mice at E18.5 (C). At E18.5, double immunofluorescence with FoxP1 and DARPP-32 shows a reduction of both patch and matrix in the Isl1 conditional mice (F) compared with controls (E). μ-OR staining confirms a reduction in the patch compartment in adult Isl1 conditional mutants (H) compared with controls (G). Immunostaining with calbindin (CB), a marker of the matrix compartment that outlines the patch compartment, indicates a reduction in both the matrix and patch compartments (starred areas in I) of adult Isl1 conditional mutants (J) compared with controls (I). ac, anterior commisure; cc, corpus callosum; GP, globus pallidus; vg; Trigeminal ganglion. addition, Isl1 expression was severely depleted in the rTh, with only a few Isl1-positive cells remaining in the adult conditional mutants (Fig. 6B) . The loss of Isl1 in this diencephalic region resulted in the disruption of rTh and ZI formation, as demonstrated by an independent marker, Meis2 transcription factor ( Fig. 6 C and D) . Thus, Isl1 is required for the normal formation of these diencephalic structures, which border the descending cortical and striatonigral axons. To determine the effect on the striatonigral pathway, we stained the Dlx5/6-CIE; Isl1 fl/fl mice for DARPP-32. In agreement with the results obtained in the telencephalon-specific Isl1 mutants, we observed a 48% reduction in the size of the striatal complex (n = 5, P < 0.01) and a concomitant reduction of 45% in the area covered by DARPP-32 terminals in the SNr (n = 5, P < 0.01) (Fig. 6F) , compared with controls (Fig. 6E) . Again, no significant effect was observed on the DARPP-32 innervation of the GP. Unlike the Foxg1 tTA ;tet-Ocre; (i.e., telencephalon-specific) Isl1 mutants, the Dlx5/6-CIE; Isl1 fl/fl mice showed abnormalities in the DARPP-32-positive axon trajectory along the striatonigral pathway. Notably, the fibers appeared disorganized and resulted in disrupted organization of both the EP and SNr (Fig. 6F) . In controls, DARPP-32-positive fibers were observed to pass underneath the subthalamic nucleus (STN) before entering the SNr (Fig. 6E) . However, in the Dlx5/6-CIE; Isl1 fl/fl (i.e., ventral forebrain) mutants, dispersed DARPP-32 fibers were seen traveling through the STN (Fig. 6F) . Neurofilament (NF) staining confirmed the abnormal axon projections through the internal capsule and along the striatonigral pathway ( Fig. 6 G and H) . In fact, it appears that NF-positive axon bundles are misplaced not only within the STN but also through the dorsal portion of the SNr (Fig. 6H) . These axonal anomalies led to a considerable reduction in the number of DARPP-32 terminals that were Synapsin-positive in the SNr (Fig. 6K) and EP (Fig. 6L ) in the ventral forebrain of Isl1 conditional mutants, compared with the controls (Fig. 6 I and J) . Thus, the Dlx5/6-CIE; Isl1 fl/fl mutants show the expected telencephalic defects in the striatal neurons forming the striatonigral pathway as well as diencephalic defects in the trajectories of striatonigral (and likely also corticofugal) axons traveling in the internal capsule and cerebral peduncle. These findings suggest an important role for the Isl1-expressing neurons that line the internal capsule, including those in the rTh and ZI.
What remains unclear, is whether the rTh and ZI are physically required for the correct formation of the striatonigral pathway or whether they express/release a molecule that guides pathway formation. One group of molecules that are known to regulate axon pathfinding are the plexins and semaphorins (52) . A previous study by Chauvet et al. (53) implicated PlexinD1 and Sema3e signaling in shaping the trajectories of corticofugal and striatonigral axons. Indeed, PlexinD1 is expressed highly in striatonigral neurons (54) whereas the gene encoding its repulsive ligand Sema3e is expressed in the GP and rTh/ZI during development (53) (Fig. 7A) . We found that Isl1 is required for the expression of Sema3e in the rTh of the Dlx5/6-CIE;Isl1 fl/fl mutants (Fig. 7B ), in accordance with the disrupted rTh development in these mutants (see, e.g., Fig. 6 A-D) . Sema3e expression in the diencephalon of Foxg1 tTA ;tet-O-cre;Isl1 fl/fl mutants was not different from that in controls (Fig. 7C ). Sema3e mutants have been shown to exhibit defects in axon pathfinding of descending (i.e., cortical and/or striatal) pathways, particularly, misrouting of fibers into the dorsal thalamus (53) . However, these authors focused on early postnatal time points and did not discriminate between descending cortical or striatal fibers. To examine the effect on the striatonigral pathway, we stained Sema3e mutants for DARPP-32 at P21 and found that, although the misdirected fibers within the thalamus were not obvious at this stage, abnormal axon trajectories were observed passing through or just over the STN (Fig. 7E) , very similar to what was observed in the Dlx5/6-CIE; Isl1 fl/fl mice (Fig. 6F) . However, unlike the Dlx5/6-CIE; Isl1 fl/fl mice, the Sema3e mutants did not exhibit morphological defects in the rTh. These findings indicate that PlexinD1-Sema3e signaling contributes to the correct formation of the striatonigral pathway and that, in particular, Sema3e expression in the developing rTh/ZI regions is crucial for the normal trajectories of the striatonigral pathway to form. . Ventral forebrain inactivation of Isl1 reduces Isl1 expression in the striatum as well as the reticular thalamus and leads to a disorganization of the striatonigral output pathway. At adult stages the ventral forebrain, inactivation of Isl1 causes a deletion of Isl1 in the striatum as well as a reduction of Isl1 in the reticular thalamus and zona incerta of the diencephalon of conditional mice (B) compared with controls (A). Meis2 immunostaining shows that the structure of the reticular thalamus and zona incerta is altered in Isl1 conditional mice (D) compared with controls (C). DARPP-32 immunostaining in Isl1 conditional mutants reveals a smaller striatal size as well as a disorganization of the striatonigral pathway to the SNr (F) compared with controls (E). Double immunofluorescence with neurofilament (green) and DARPP-32 (red) indicates an alteration in the structures of the internal capsule and the cerebral peduncle in Isl1 conditional mutants (H) compared with controls (G). High-power images of the SNr and EP double-labeled with synapsin-1 (green) and DARPP-32 (red) reveal fewer synapses in these two nuclei of the striatonigral pathway in conditional mutant mice (K and L) compared with controls (I and J). EP, entopeduncular nucleus; GP, globus pallidus; ic, internal capsule; rTh, reticular thalamic nucleus; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus; Th, thalamus; ZI, zona incerta.
Behavioral Analysis of Isl1 Conditional Mutants. Given the importance of balanced activity in the striatal output pathways (55), the alterations in basal ganglia circuitry observed in the Isl1 conditional mutants (i.e., Foxg1 tTA ;tetO-cre;Isl1 fl/fl and Dlx5/ 6-CIE; Isl1 fl/fl mice) suggest that altered behavior may result. To begin to address this possibility, we examined baseline locomotor activity in the Dlx5/6-CIE; Isl1 fl/fl mice between 3 and 9 mo of age. We examined these mice because the Foxg1 tTA ;tetO-cre;Isl1 fl/fl mice did not survive well beyond 1 mo. Interestingly, the Isl1 conditional knockouts showed a hyperlocomotive phenotype compared with control littermates (Fig. 8A) . Increased locomotor activity has been used as a measure of hyperactivity in rodents and even as a behavioral correlate of the hyperactivity phenotype observed in people with attention deficit hyperactivity disorder (ADHD) (see, e.g., refs. 56-58). One striking aspect of ADHD is the paradoxical response to stimulants (i.e., dopaminergic agonists) (59) . We chose to examine the effects of stimulants on the hyper-locomotive phenotype observed in the Isl1 conditional mutant mice. The addition of the dopamine D1 agonist SKF 82958 (2 mg/kg) showed an almost immediate increase in the locomotor activity in the control mice; however, in the Isl1 conditional mutant mice, the response was significantly blunted (Fig. 8B ). Of note, there was a delayed spike in activity around 90 min after the drug was administered. It may not be surprising that a D1 agonist would be less effective given the significant reduction in the DRD1-expressing direct pathway in the Isl1 conditional mice (Fig. 4B) . To examine the effect of a more general dopamine agonist, we administered methamphetamine (4 mg/kg), and, unlike the controls, which showed a dramatic increase in locomotor activity that was sustained for more than 3 h, the Isl1 conditional knockouts again exhibited a blunted response to the drug, returning to predrug activity levels in less than 1 h (Fig. 8C) . Finally, to examine the specificity of the phenotype in the Isl1 conditional mice, we examined the effect of quinpirole, a dopamine D2 agonist (1 mg/kg). In line with the fact that the indirect pathway is largely intact in these mutants, there was no difference in the response of control or Isl1 conditional mice to D2 receptor stimulation (Fig. 8D) . The drug resulted in a significant reduction in locomotor activity despite the fact that the mutants started from a higher activity level than the controls. Thus, the observed alterations in the striatonigral pathway of Isl1 conditional mutants lead to hyperactivity and a blunted response to stimulants, compared with controls.
Discussion
Isl1-Expressing Striatal Cells Give Rise to Striatonigral Neurons.
Striatal-projection neurons in both the direct and indirect pathways share many characteristics, such as a medium spiny morphology and the utilization of GABA as a neurotransmitter (4) . Furthermore, all striatal-projection neurons, but not the interneurons, express the phosphoprotein DARPP-32 (39), which is involved in dopamine receptor signaling. The most important difference between these neurons is their axonal targets, with the indirect pathway innervating the GP and the direct pathway innervating the EP and SNr (reviewed in refs. 3 and 55). Indeed, balanced activity in these two striatal output pathways is essential for normal motor control (see, e.g., ref. 7). However, despite their importance for normal brain function, little is known about the molecular mechanisms that underlie the development of these two output pathways.
Previous studies (19, 20) have implicated the transcription factor Ebf1 in the normal differentiation of striatonigral neurons located within the matrix compartment of the striatum. These authors showed that Ebf1 and Zfp521, a zinc finger transcription factor that interacts with Ebf1 (60) , are restricted to the striatonigral pathway by P20. It is unclear, however, whether either of these two factors is expressed exclusively in striatonigral progenitors or whether they become restricted to striatonigral neurons at postnatal stages. In fact, Zfp521 increases its enrichment in striatonigral neurons between P20 and adulthood (19) . Thus, it is possible that Ebf1 and Zfp521 are expressed in progenitors of both the direct and indirect pathway at embryonic stages and become restricted to the striatonigral pathway at postnatal time points. Indeed, the striatonigral axon defects observed at P0 in Ebf1 mutants were not as severe as those observed at P14 (19) . In any case, Ebf1 and Zfp521 appear to play an important role in the differentiation/survival of striatonigral neurons at postnatal stages.
Our genetic fate-mapping results show that Isl1-expressing cells give rise to striatal neurons selectively belonging to the direct pathway, innervating both the EP and SNr but not the GP. In agreement with the fact that striatal cholinergic interneurons express Isl1 into adulthood (22, 23) , we found that large-diameter aspiny neurons, presumably cholinergic interneurons (31) , are also derived from Isl1-expressing cells. These interneurons are likely of MGE origin (11, 13, 14) . At present, it is unclear whether all striatonigral projection neurons derive from Isl1-expressing LGE cells or whether it is only a subpopulation. If it is a subpopulation, they do not segregate between the patch and matrix compartments because fate-mapped striatonigral neurons were found in both of these striatal compartments.
Isl1 Is Required for Normal Development of the Striatonigral Pathway.
Ebf1 is required for the normal differentiation and/or survival of striatonigral neurons, particularly those in the matrix compartment of the striatum (19, 20) . This compartment-specific phenotype is in line with the previously documented role for Ebf1 in the normal development of the striatal matrix (49) . Therefore, other molecular mechanisms must underlie the formation of patch-compartment striatonigral neurons. In this respect, Ephrin A/EphA signaling has been shown to regulate correct development of the striatal patch and matrix compartments (61, 62) ; however, it is currently unknown whether Ebf1 or Isl1 control the expression of either of these factors.
Isl1-expressing cells give rise to striatonigral neurons belonging to both the patch and matrix compartment. Moreover, Elshatory and Gan (23) demonstrated that, in Isl1 conditional mutants made using Six3-cre (which recombines in progenitors of the MGE and a portion of LGE) (63) , most striatal cholinergic interneurons and a subpopulation of the DARPP-32-positive projection neurons are lost. Our data show that it is specifically the striatonigral neurons in both the patch and the matrix compartment that are severely reduced in the Isl1 conditional mutants, leading to considerable reductions in the innervation of both the EP and SNr. This reduction in the striatonigral pathway is in contrast to the striatopallidal pathway, which appears to be largely intact in the conditional mutants based on DARPP-32 innervation of the GP. Despite the reduced size of the Isl1 conditional mutant striatum even at E18.5, Ebf1 remained expressed at detectable levels. Thus, it may be that striatonigral neurons can be divided into subpopulations that are differentially dependent on Isl1 and Ebf1 for their normal development and/or differentiation. The zinc finger transcription factor Ikaros has been implicated in the differentiation of a subpopulation of Enk-positive striatopallidal neurons (46, 48) . Surprisingly, we found that Ikaros was almost completely lost in the developing striatum but not the overlying cortical plate. To investigate further, we double stained for Isl1 and Ikaros in the LGE. At E14.5, many Ikaros cells coexpressed Isl1; however, by E18.5 fewer cells were colabeled and more Ikaros-only cells were observed. The reduction in colabeling could be due to the down-regulation of Isl1 that occurs around birth or the de novo expression of Ikaros in distinct striatal (i.e., Enk-expressing striatopallidal) progenitors at perinatal stages. In either case, our data indicate that Isl1 is required for the normal expression of Ikaros in striatal neuron progenitors. Because there are no fate-mapping data regarding the progeny of Ikaros-expressing cells, it is unclear how tightly this factor is associated with the striatopallidal lineage. Our data suggest that the Enk-expressing striatopallidal pathway is largely intact in the Isl1 conditional mutants; however, it does appear that, similar to the striatonigral pathway, which has Isl1-and Ebf1-dependent subpopulations, the striatopallidal pathway has Ikaros-dependent and -independent subpopulations. Indeed, only about 1/3 of the Enkexpressing neurons are lost in the Ikaros mutant (46) . In this case, Isl1 conditional mutants would be expected to have an increased proportion of Ikaros-independent striatopallidal neurons because the innervation of the mutant GP appears rather normal.
Our results indicate that Isl1 is required for the normal development of striatonigral neurons. In this respect, we observed increased cell death within the LGE and forming striatum already at E15 when these neurons are beginning to arise. Thus, Isl1 may serve to maintain neuronal survival in the direct pathway during the embryonic stages when these neurons are becoming postmitotic. In line with the observed role in neuronal survival, previous studies have shown that Isl1 is required for the development and survival of most retinal ganglion cells in the ganglion-cell layer and subpopulations of bipolar and amacrine cells in the inner nuclear layer in the mouse retina (36) as well as neurons in the dorsal root ganglia and trigeminal ganglia (64) . A transient role in striatonigral neuron survival would fit the expression profile of Isl1 in the developing striatum as this factor down-regulates in striatal-projection neurons within days after birth (22) . Because Isl1 remains expressed in the cholinergic interneurons of the adult striatum, it may be required for survival over a longer period in this neuronal subpopulation.
Diencephalic Regulation of Striatonigral Pathway Formation. Striatonigral axons travel together with descending cortical axons through the internal capsule and farther in the cerebral peduncle. The internal capsule wraps around the rTh and ZI, and thus these nuclei may act as a "guardrail" for the descending cortical and striatal axon trajectories. Our data show that Isl1 is also required for the normal formation of the rTh. Unlike the Foxg1 tTA ;tetO-cre conditional mutants, the Dlx5/6-CIE conditional mutants appear to lack most of the rTh neurons. In addition, the internal capsule appears to be severely disrupted in these conditional mutants, suggesting that the normal formation of the rTh and ZI is crucial to the correct formation of the descending cortical and striatal trajectories. It is possible that either the neurons in these nuclei provide a physical boundary or that signaling between the descending (including both cortical and striatal) fibers and the bordering nuclei of the internal capsule/cerebral peduncle (e.g., GP, rTh, and ZI) contribute to the refinement of these pathways.
A previous study by Chauvet et al. (53) showed that semaphorin signaling contributes to the formation of the internal capsule, with the descending fibers expressing PlexinD1 and the rTh as well as the GP expressing its repulsive ligand Sema3e. Interestingly, PlexinD1 appears to be expressed by striatonigral neurons (54) . However, in the cortex, it is largely expressed in layer 5a neurons (i.e., callosally projecting neurons) and not by layer 5b neurons, which give rise to descending cortical projections (65, 66) . Thus, it seems likely that the majority of the PlexinD1-expressing fibers within the internal capsule and cerebral peduncle originate from striatonigral neurons. In the Foxg1 tTA ;tet-O-cre conditional mutants, Sema3e expression in the rTh and GP was normal, but, in the Dlx5/6-CIE conditional mutants, its expression was severely reduced, particularly in the rTh. The reduced Sema3e expression correlates well with the abnormalities observed in the formation of the internal capsule of Dlx5/6-CIE conditional mutants as well as the misrouting of axons through the STN and SNr in these mutants. Moreover, Sema3e mutants showed similar abnormalities in axon trajectories as the Dlx5/6-CIE conditional mutants, particularly in the STN. Chauvet et al. (53) showed that Sema3e responsive axons (presumably striatonigral axons) are abnormally misrouted through the dorsal thalamus at early postnatal time points. Abnormalities in axon trajectories were not as obvious by P21; however, DARPP-32-positive striatonigral axons were observed to abnormally pass over the STN in the Sema3e mutants very similar to that observed in the Dlx5/6-CIE conditional mutants. Thus, Isl1-expressing diencephalic cells regulate the formation of the striatonigral pathway, at least in part, by facilitating the expression of Sema3e in rTh cells.
Consequences of Altered Striatonigral Pathway Formation in Isl1
Conditional Mutants. An imbalance in neuronal activity within the direct and indirect pathways has been proposed to underlie the alterations of motor control in basal ganglia disorders such as Parkinson disease (8, 67) . In Parkinson patients, it is thought that the indirect pathway is overactive whereas the direct pathway exhibits decreased activity, which ultimately leads to reduced motor output. In support of this notion, recent optogenetic experiments in mice have shown that specific activation of the indirect (striatopallidal) pathway leads to decreased locomotor activity whereas selective activation of the direct (striatonigral) pathway enhances locomotor activity (68) . In a different study (69) , inhibition of neuronal activity in either of these striatal output pathways did not alter locomotor patterns under normal conditions. However, blocking neuronal activity in either the direct or indirect pathway prevented the hyperlocomotor response to psychostimulants (e.g., methamphetamine and cocaine).
Our results show that the observed alterations in the striatonigral pathway in Isl1 conditional mutants leads to hyperlocomotion under normal conditions compared with littermate controls. Moreover, the hyperlocomotor response to methamphetamine or the D1 agonist SKF 82958 was largely missing in the Isl1 conditional mutants. These later results are reminiscent of those reported by Hikida et al. (69) . However, the major difference between the above-mentioned studies in mature adult basal ganglia circuitry is that the Isl1 conditional mutants do not form a normal striatonigral pathway, which likely exhibits reduced activity from birth onward, and thus compensatory developmental mechanisms may further alter the circuitry. Dopamine D1 receptor (DRD1) mutants also show hyperlocomotion and a blunted or missing response to psychostimulants (70) (71) (72) (73) . This reduction is interesting because, in the Isl1 conditional mutants, it is the DRD1-expressing striatonigral pathway that is specifically compromised, suggesting that the effects observed in the DRD1 mutants are a result of dysfunction specifically within the striatonigral pathway despite global loss of DRD1 gene function.
Hyperlocomotion has been used as a model for the hyperactivity component of ADHD in rodents (56) (57) (58) . Moreover, a striking aspect of ADHD treatment is the paradoxical response to psychostimulants (59) . Thus, the Isl1 conditional mutants may model aspects of the hyperactivity phenotype in ADHD because they show hyperlocomotion under normal conditions and a blunted response to psychostimulants. It is presently unclear whether imbalances in direct and indirect pathway activity underlie the behavioral abnormalities that characterize the ADHD phenotype. However, our findings implicate a reduced activity in the striatonigral pathway as a contributing factor. It should be noted, however, that the loss of striatal cholinergic interneurons as well as the defects in the nucleus accumbens and/or rTh seen in the Isl1 conditional mutants may also contribute to the observed behavioral phenotype. It will be interesting to determine whether the Isl1 conditional mutants also exhibit attention deficits and whether these are ameliorated in any way by treatment with psychostimulants.
In summary, our findings indicate that Isl1 marks the progenitors of the striatonigral pathway and is required for their development and survival. Furthermore, Isl1 is required for the normal development of rTh/ZI neurons, and these diencephalic cells regulate the formation of striatonigral axon trajectories, at least in part, through PlexinD1-Sema3e signaling. Finally, the abnormal striatal circuitry observed in Isl1 conditional mutants leads to hyperlocomotion and a lack of response to psychostimulants, similar to that observed in DRD1 mouse mutants.
Materials and Methods
Animals. For the fate-mapping studies, CagCat (CC)-EGFP (29) mice were mated to Isl1 cre/+ (30) mice, generously provided by T. Jessell (Columbia University, New York) and to Dlx 5/6-CIE (16) mice. Isl1 cre/+ and Dlx 5/6-CIE were genotyped as previously described (18) . Double transgenic brains were collected on postnatal day 21 (P21). Sema3e GFP/+ mice were obtained from C. Henderson (Columbia University, New York).
Isl1 fl/+ mice (36) were used for the conditional knockout studies. Foxg1 tTa/+ (37) and tetO-cre (38) were genotyped as previously described (18) . To generate the conditional deletion of Isl1 in the telencephalon, Isl1 For the staging of embryos and adult mice, the morning of the vaginal plug was considered E0.5, and the day of birth was designated P0. Embryos were fixed in 4% (wt/vol) paraformaldehyde overnight, washed in PBS, cryoprotected in 30% (wt/vol) sucrose in PBS, and sectioned at 12 μm on a cryostat. Postnatal brains were fixed overnight in 4% (wt/vol) paraformaldehyde, washed in PBS, cryoprotected in 20% (wt/vol) sucrose in PBS, and sectioned at 35μm on a freezing sliding microtome. All of the mouse studies were approved by the Institutional Animal Care and Use Committee of the Cincinnati Children's Research Foundation and were conducted in accordance with US National Institutes of Health guidelines.
Immunohistochemistry. Primary antibodies were used at the following concentrations: rabbit anti-EGFP (1:500; Invitrogen), goat anti-EGFP (1:5,000; Abcam), guinea pig anti-μ opioid receptor (1:3,000; Millipore), rabbit antisynapsin 1 (1:1,000; Millipore), rabbit anti-enkephalin (1:500; Millipore), rabbit anti-substance P (1:5,000; Millipore), rabbit anti-activated caspase 3 (1:250; Cell Signaling), rabbit anti-DARPP-32 (1:1,000; Millipore), goat anti-DARPP-32 (1:200; Santa Cruz), goat anti-Helios (1:200; Santa Cruz), goat anti-Ikaros (1:200; Santa Cruz), goat anti-Isl1 (1:2,000; R&D Systems), rabbit antiphospoHistone 3 (pH3, 1:200; Millipore), guinea pig anti-Ascl1 (1:10,000; gift from J. Johnson, UT Southwestern, Dallas, TX), rabbit anti-DLX (1:500; gift from J. Kohtz, Northwestern University, Chicago, IL), rabbit anti-Gsx2 (1:5,000; Campbell Laboratory), rabbit anti-Isl1 (1:2,000; gift from T. Edlund, Umeå University, Umeå, Sweden), rabbit anti-Meis2 (1:2,000; gift from A. Buchberg, Thomas Jefferson University, Philadelphia, PA), rabbit anti-FoxP1 (1:4,000; gift from E. Morrisey, University of Pennsylvania, Philadelphia, PA), mouse anti-neurofilament 1 2H3 (1:200; developed by T. Jessell and J. Dodd and obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the National Institute of Child Health and Human Development and maintained by the University of Iowa, Department of Biology, Iowa City, IA 52242). Di-amino-benzidine colorimetric reaction for bright-field immunostaining was developed as previously described (17) . The following secondary antibodies were used for immunofluorescence: donkey anti-rabbit antibodies conjugated to Cy2 or Cy3 (Jackson ImmunoResearch), donkey anti-goat antibodies conjugated to Cy2 (Jackson ImmunoResearch), donkey anti-guinea pig antibodies conjugated to Cy3 (Jackson ImmunoResearch), and donkey anti-mouse antibodies conjugated to Cy2 (Jackson ImmunoResearch). ;tetO-cre, n = 3 and Isl1 fl/fl ; Dlx 5/6-CIE, n = 5) and their appropriate controls (n = 3 and n = 5, respectively), the size of the striatal complex, globus pallidus, and substantia nigra in adult mice was estimated by computing the area of each structure on every relevant section using the National Institutes of Health ImageJ program. The area of each structure as delineated by DARPP32 expression was measured on every sagittal section, and the average area was computed based on the number of sections per animal. Data were analyzed using a Student's unpaired t test (P < 0.05 required for significance) to compare control and Dlx 5/6-CIE; Isl1 fl/fl or control and Foxg1 tTa/+ ; tetO-cre; Isl1 fl/fl animals. For the embryos with the telencephalon-specific deletion of Isl1, cell death was quantified by counting the total number of activated caspase-3-positive cells in all sections containing LGE and developing striatum of E14.5 controls (n = 3) and mutants (n = 3) (between 12-14 sections per embryo containing two LGE per section were analyzed for each). Cell proliferation was assessed by counting pH3 positive (i.e., M-phase) cells in the E14. 5 LGE of controls (n = 3) and mutants (n = 3). pH3-positive cells in the VZ (i.e., apical) and SVZ (i.e., basal) were separately counted for each animal, and the average per section was calculated. Significance was determined using a Student's unpaired t test with P < 0.05 required for significance.
In Situ Hybridization. The in situ hybridization procedure was performed as previously described (74) . Digoxigenin-labeled antisense probes against Ebf1 (75) and Sema3e (76) were used on 12-μm sections of E18.5 embryos.
Behavior ) between 3 and 9 mo of age were used for behavior. Baseline activity for Isl1 conditional and control mice was measured for 4 h. For the drug-challenged locomotor activity, Isl1 conditional and control mice were acclimated to the chamber for 1 h before each of the following challenges: 4 mg/kg methamphetamine HCl (free base); 2 mg/kg D1 receptor agonist SKF82958 (Sigma); and 1 mg/kg D2 receptor agonist, quinpirole (Sigma). Drugs were administered s.c. in either a volume of 5 or 10 mL/kg of body weight. Postchallenge activity was measured for 3 h. Horizontal activity and total distance were recorded in 3-min intervals during the pre-and postchallenge periods and analyzed in 12-min intervals.
Statistical Analysis. Locomotor activity data without drug were analyzed by gene × time mixed linear ANOVA where time was a repeated measure factor. Postdrug activity data were analyzed by ANCOVA, with the last two predrug intervals used as the covariate to account for hyperactivity in the conditional KO mice. Significant interactions were sorted using Slice-effect ANOVAs for genotype at each time interval.
